The interrelation between cells and extracellular polymeric substances (EPS) from the acidophilic bacterium Acidiphilium 3.2Sup(5) was investigated on two different carbon surfaces (carbon fibre cloth and graphite rods). This bacterium was chosen due to its ability to directly transfer electrons to carbon surfaces in aerobic conditions, which makes its use especially attractive in microbial fuel cells (MFC). The characterization of the bacterial adhesion and interrelation with the EPS was carried out using a combination of scanning (SEM) and transmission (TEM) electron microscopy. The extraction of the EPS was performed using EDTA and their characterization accomplished by chemical analyses and FTIR spectroscopy. The cellular lysis provoked by the extraction of EPS was determined by the protein/carbohydrate ratio. Chemical analyses showed that the main components of the EPS were proteins and carbohydrates, whereas FTIR spectroscopy showed the presence of a great majority of carboxyl, hydroxyl and amino groups. The tendency of cells was to adhere to superficial carbon imperfections, which after certain time were covered by a matrix of EPS.
Introduction
Extracellular polymeric substances (EPS) are produced by biological processes and participate in the formation of microbial consortia. Its origin is related to processes involving active secretion, shedding of cell surface materials, cell lysis and adsorption from the environment. Its composition mainly depends on the type of ecosystem where microorganisms grow, with main constituents being carbohydrates and proteins [1] .
The heterotrophic bacterium Acidiphilium 3.2Sup (5) was provided by Amils and Malki from the Molecular Biology Centre CBM (Madrid, Spain) and its origin is the ecosystem of Río Tinto (Huelva, Spain). This strain has been studied in detail due to its ability to transfer electrons directly to carbon electrodes in aerobic conditions [2] , unlike most microorganisms, which are strictly anaerobic [3] . Since the efficiency of the electronic transfer of the bacteria is highly dependant bacterial adhesion, it is important to know the relationship existing between bacterial cells and their extracellular polymeric substances on the surface of the electrode.
This work assesses the role played by the EPS in the mechanism through which cells of A. 3.2Sup (5) adhere to surfaces of two different carbon electrodes (carbon fiber cloth and graphite rods). The characterization of the bacterial adhesion and the interrelation with the EPS was carried out using a combination of scanning (SEM) and transmission (TEM) electron microscopy. The extraction of the EPS was performed by EDTA followed by their chemical characterization. FTIR spectroscopy was used to determine the main structural groups of the EPS. The cellular lysis provoked by the EPS extraction was determined through the relationship between proteins and carbohydrates.
Materials and methods
Bacterial growth. The growth of bacterial cultures of A. 3.2Sup (5) was achieved aerobically in a liquid medium, at pH 2.5, in an orbital skaker at 150 rpm and at 30ºC, with or without the addition of the carbon substrata. The nutrient medium was similar to that employed during the isolation and characterization of the strain [4] . The carbon fibre cloth was added to the bacterial culture as disks of 2 cm of radius and 1 cm of thickness. Graphite was added as rods of 1 cm of diameter and 1 cm of height.
Extraction and characterization of EPS. The EDTA extraction procedure has been reported in a previous work [5] . The supernatant obtained was the solution of raw EPS, which was later dialyzed and the new pure fraction was the EPS used in the tests. Proteins and carbohydrates were determined photocolorimetrically using an UV-Vis spectrophotometer. The amount of EPS proteins was determined by the method of Lowry, using bovine serum albumin as standard and measuring absorbance at 750 nm [6] . The amount of carbohydrates was determined by the anthrone method, using glucose as standard and a wavelength of 660 nm [7] .
Infrared (IR) spectroscopy and FE-SEM and TEM microscopy. Two milligrams of freeze-dried EPS (24 h at -56ºC) solution was mixed with 300 mg of KBr and compacted to form a pellet. The IR spectra were then obtained using a Spectrum Nicolet Magna 750, at a resolution of 4 cm -1 of. FE-SEM microscopy was performed with a JEOL JSM-6330 F microscope, using samples treated by progressive dehydration with acetone. Then, the solid support was covered with a conducting film of graphite. TEM microscopy was carried out with a JEOL JSM 6430 T microscope on bacterial cells stained with uranyl acetate 2% for 30 min.
Results and discussion
Extraction and characterization of EPS. Fig. 1(a) depicts the amount of proteins and carbohydrates extracted, expressed in mg/g of dry cell weight (mg/g-DW), at two different times of bacterial growth: at the end of the exponential phase (96 h), and in the stationary phase (216 h). This figure shows that for each support the amount of EPS obtained in the second extraction was lower than in the the first one. In the case of carbon cloth, the total amount of EPS (carbohydrates + protein) decreases from 386 to 294 mg/g-DW, while in the case of graphite rods falls from 362 to 225 mg/g-DW. That low extraction could be associated with the difficulty to extract cells and EPS adhered to solid supports. Such behaviour would be related to an increase in cell lysis, associated with the protein/carbohydrate ratio [8] . That ratio increases from 0.5 to 1.5 for
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Biohydrometallurgy 2009 carbon cloth and from 0.4 to 1.1 for graphite rods and can be attributed to protein release from destroyed cells. The FTIR spectra of EPS extracted with EDTA and the one obtained by a control method (centrifugation) are compared in Fig. 1(right) . The analysis could be useful for elucidating an eventual contamination of the EPS obtained by the extractant. Both spectra present pronounced bands between 3200 and 3320 cm -1 , characteristic of the O-H symmetric stretch vibration in polymeric compounds. Another coincident band appears at values between 1069 and 1099 cm -1 , which is characteristic of the O-H symmetric stretch vibration in polysaccharides. In addition, in both spectra there are bands at values between 1630 and 1657 cm -1 , characteristic of the C=O and C-N symmetric stretch vibration corresponding to the group of amides I [9] . Furthermore, both spectra show a coincident peak at 1561 cm -1 , related to the C-N symmetric stretch vibration and to the N-H asymmetric stretch vibration corresponding to amides II [10] . Therefore, in both spectra the main functions are hydroxyl, carboxyl and amino groups, which correspond mostly to the presence of carbohydrates and proteins from the EPS. Since both EDTA and control spectra do not present pronounced bands at values between 1550 and 1600 cm -1 , corresponding to carboxylates, contamination of the EPS extracted with EDTA was discarded [11] .
TEM microscopy. This microscopic technique allows a better comprehension of the relationship between cells and extracellular polymeric substances. Fig. 2 shows the presence of a "cloud" surrounding one side of a cell. The "cloud" containing inner filaments had a spherical shape possibly was formed by different extracellular polymeric substances. Attachment of bacteria to carbon substrata. Fig. 3 shows the bacterial attachment of A. 3.2Sup (5) to carbon fibre cloth at two different growth times: 96 and 216 h. Besides a certain degree of cellular attachment on the fibre, the presence of EPS aggregates is also observed. Fig. 3(a) shows bacterial cells attached to carbon fibres. The presence of organic tissues would be attributable to the generation of EPS. Therefore, the lack of these substances indicates that at that cultivation time, attached bacteria were in an initial stage of generation of such substances. The bacterial attachment increased overtime, Fig. 3(b) . Again, the higher cellular density took place preferentially into the space between fibres. It is clear the formation of EPS networks, with a gel-type aspect, Fig. 3(c) . La presence of these substances would confirm the preferential attachment of cells to interstices between microfibres through the formation of EPS, which serve as anchorage sites for cells. Fig. 4(a) . The increasing bacterial population due to bacterial overgrowth is clearly visible in Fig. 4(b) with a high density of attached cells in pores. Furthermore, there is a complex network of EPS on the support surface, as shown in more detail in Fig. 4(c) . 
Conclusions
EPS mainly contain amides (I and II) and carboxylic functional groups according to the high content of proteins and especially carbohydrates, as detected by our chemical analysis. Microscopical observations show that bacterial attachment increased with growth. The bacterial attachment would be related to the generation and development of an EPS network interweaving the surfaces of carbon supports with bacterial cells. Furthermore, those substances tend to grow preferentially on sites between microfibres when using carbon fibre cloth as support, or on pores when using graphite rods. Overtime both supports were covered by a matrix of EPS.
